Introduction
Mg alloy is subject to increasing the demand because Mg alloy is the lightest metal material for structural use with high specific strength compared with other ferrous and non-ferrous alloys. Therefore, Mg alloys are used for aerospace and transportation components to reduce the weight and the fuel consumption. As increases of the commercial alloy demand as Mg applications, it is necessary to recycle the waste products. The energy consumption of Mg recycling by remelting metal process is required only 5% of that of primary Mg ingot metal by the pidgeon process. 1) Collected Mg metal scrap from used structural materials include other ferrous and non-ferrous metal elements such as iron, nickel, copper etc., remained these elements contaminate the specification of Mg alloy composition. For example, iron content in commercial Mg metal and alloys is strictly regulated to less than 50 ppm on ASTM standard because the corrosion resistance was deteriorated. Hanawalt et al. 2) reported the corrosion rate of pure Mg metal suddenly raised more than 160 ppm of iron content. High iron concentration triggers a galvanic corrosion between Fe precipitates and magnesium matrix phase. Corrosion property of Mg alloy is the most serious problem in commercial uses. By addition of manganese, these impurity iron element in Mg alloys precipitate for harmless to corrosion properties.
3) It is essential to recycling of Mg alloy that impurity iron is removed during remelting and purification processes. Some investigations have been reported in Mg metal and alloys for recycling with various states.
46) A distillation process using the difference of vapor pressure between Mg and other impurity elements has been reported to produce high purity Mg metal (99.99%). 6) This technique needs to operate at a high temperature and a low-pressured atmosphere. In the recycle process for commercial alloys, it is desirable to remain alloying elements such as aluminum, zinc, and manganese in Mg alloy. Therefore, the impurity element should be selectively removed from magnesium scrap. In the recycling of aluminum alloys, impurities were removed by additional substances to form a compound between impurity and additional elements. 7) Formability of compound depends on the affinity between magnesium, impurity element and additional element. Previously, it has been reported that carbon addition into Mg-3 mass% Al alloy melt was effective to form compounds including iron.
8) The iron condensation occurred in the bottom of solidified Mg. However, the filtration is indispensable and the removal efficiency is not enough to satisfy the impurity level for commercial uses by the addition of solid carbon. For the improvement of removal ability, it is necessary to extend the contact area between Mg melt and carbon source. In this study, carbon dioxide (CO 2 ) gas was introduced to Mg alloy melt as a carbon source. In the Mg alloy melt, it can expect CO 2 gas decomposition and carbon production by redox reaction between Mg as following equation;
or, two-step reaction through production of carbon monooxide
ÁG ¼ À298:7 kJ at 973 K ð3Þ
As the result of decomposition of CO 2 , iron impurity in the Mg alloy melt combines with carbon and the iron compounds are retrievable into the slag with MgO. The effect of CO 2 injection on iron concentration in the Mg-3 mass% Al alloy was investigated.
Experimental Procedures
Pure Mg and 3 mass% Al were melted at 973 K in Ar atmosphere using MgO crucible. The simulated iron impurity was saturated in Mg alloy melt by immersion of pure iron plate for 3.6 ks. The iron concentration of iron immersed Mg alloy was about 500 ppm. Carbon dioxide (CO 2 ) and argon gases were mixed with the ratio of 1 : 9 and purged into the melt for certain times at the flow rate of 0.025 L/min for CO 2 . CO 2 gas injected Mg alloy melt was furnace cooled after settling for 3.6 ks. Solidified Mg alloy specimens were examined residual iron concentration and the distributions using several analysis techniques. An atomic absorption spectroscopy (AAS) was used for trace iron analysis of solidified specimens. The inclusions such as carbides and oxides in the solidified Mg specimens and the slag layer were detected by X-Ray diffraction.
Results and Discussion
The iron concentration in solidified Mg-3 mass% Al ingot with and without immersion of iron plate into the melt were 672 ppm and 55 ppm, respectively. Figure 1 shows the macroscopic images of solidified Mg alloy ingot with and without CO 2 injection for 400 min. Macro-porosities were observed in the top region of the solidified ingot. These porosities were formed by CO 2 injection as remaining the CO 2 bubble in the solidified Mg. Moreover, in the top region of the ingot, the melt slag was produced and it could be easily separated from metal region. Figure 2 shows the relationship between the weight loss of the ingot after removing the slag layer and the CO 2 injection time. The weight loss of the ingot increased with increasing the injection time because of the slag production. For 400 min of CO 2 injection, the metal part of the Mg-3 mass% Al alloy ingot was about 80% of the initial alloy. However, only the melting of the alloy without CO 2 injection was accompanied by loss of the 10% of the metal part. The weight loss by the slag formation linearly increased with the injection time. However the metal loss by the slag formation was considerable, it may reduce the metal loss by controlling the gas injection rate such as using microbubble injector to improve the reaction efficiencies of the carbon formation and the iron trapping.
X-ray diffraction (XRD) pattern of the slag powder obtained with the specimen for 400 min CO 2 injection was shown in Fig. 3 . The slag layer was composed mainly of MgO phase. In addition, carbides and with contained elements such as Al 4 C 3 , MgC 2 and Fe 3 AlC phases were detected. It indicates that CO 2 gas was decomposed in Mg alloy melt and the generated carbon reacted to other alloying elements. In the slag layer, the compound phases including Al element was small amount compared to MgO phase, therefore the metal loss of Al in the alloy melt might negligeble. When generated carbon element by decomposition of CO 2 has high activity, carbides readily formed in Mg alloy melt. However iron element generally formed carbide as Fe 3 C compound, 9) it could not be observed in the slag layer. Fe 3 C compound is a metastable phase at high temperature in Mg alloy melt.
10) Therefore, carbide with iron element was not detected in pure Mg with solid carbon addition. 8) In the presence of Ca or Al in Mg alloy melt as an alloying element, carbides with iron and other elements were formed. Although the mechanism of these compounds is not well understood, Fe 3 AlC compounds may be formed by combining Fe with Al 4 C 3 . It is possible to form complex compound containing Fe in the presence of carbon as following reaction:
However, it requires more investigation to clarify the mechanism of formation of Fe-Al-C compounds in detail. Iron concentration in the solidified Mg-3 mass% Al alloy was measured in the center and bottom section of the ingot by AAS. Figure 4 shows the relationship between iron concentration after CO 2 injection and gas injection time. The iron concentration decreases with increasing CO 2 injection time. iron compounds with high density in the melt. Iron carbides or iron aggregates with other elements in Mg melt generally settled out by gravity. However, almost iron compounds might become incorporated into the slag layer on the top of Mg alloy ingot. Fe-Al-C compounds surfaced on the top of the melt with unreacted CO 2 or incomplete reacted CO gases. During CO 2 injection in the Mg alloy melt, the bubble of these gases was covered with MgO and atomic carbon by decomposition reactions. Because the atomic carbon is very reactive to other elements, therefore some carbides are formed to combine with Al during floating the gas bubble. These carbides aggregates iron and reconstitutes to Fe 3 AlC compounds. Eventually, carbides with iron were floated with MgO slag on the bubble surface to the top of the melt. The efficiency of this process depends on the formation rate of MgO slag. The weight loss of solidified Mg alloy increases with increasing the volume of the slag layer. It can be controlled the formation of the slag by CO 2 gas injection rate. The decomposition reaction of CO 2 takes place at the surface of the gas bubble. The contact area between CO 2 gas and Mg alloy melt is dominant factor not only on CO 2 decomposition but carbide formation rate. It is important for the formed carbon to be suspended in the melt for sufficient time. For example, it is possible to increase the efficiency of carbide formation by injection of CO 2 gas with smaller bubble.
Conclusions
Iron removal from Mg-3 mass% Al alloy melt was investigated as a metal refining process using carbon addition. Injections of carbon dioxide gas into the Mg alloy melt brought the decomposition of CO 2 gas and carbon formation reaction, namely "in-situ carbon addition". At the same time, MgO as the slag also formed by decomposition of CO 2 . Impurity iron in the melt combined as carbides with other alloying element such as aluminum. Both These carbides and MgO floated to the top surface of the melt with unreacted CO 2 bubbles. The slag layer including the iron contaminant was readily separated from the solidified Mg alloy ingot. The iron concentration of CO 2 injected Mg alloy was reduced to about 50 ppm, which is almost the same levels of original Mg-3 mass% Al alloy.
